We present our rst results of the application of the measurement of atmospheric emission to correct for atmospheric phase variations in very long baseline interferometry. This technique corrects for the uctuations in the phase path length through the atmosphere by measuring the water vapor content through its emissivity. Two epochs of 3-mm wavelength ( ) observations under di erent atmospheric conditions show that total power monitoring at Hat Creek and Kitt Peak Observatories can be used to reduce the rms interferometer phase when liquid water is not present in the beam. In the best cases, the root-mean-square (rms) phase is reduced by a factor of 2 to 1 rad. Instability in the receiver gain at the level of one part in 10 3 creates the 1-rad limit in the rms phase. The technique is currently most successful at eliminating variability on timescales greater than 10 s. However, it is not always successful, and we discuss sources for the residual variability in the phase. We also derive the expected value of the scale factor relating delay to brightness temperature at 86 and 230 GHz. As this technique is improved, future experiments will have greater sensitivity to weak sources, accurate astrometry and geodesy will be possible, and imaging at 1-mm may be explored. 
Introduction
Radio waves propagating through the atmosphere are delayed by wet and dry components of the atmosphere Bean and Dutton, 1966 ; Thompson et al., 1991] . Variability in this delay limits spatial coherence in interferometry at all wavelengths. The e ect is pronounced at millimeter wavelengths, where the variations in the delay are comparable to a wavelength on short time intervals. Very long baseline interferometry (VLBI) su ers signi cantly since the short-term variability at di erent sites is uncorrelated.
The dry component of the atmosphere is in hydrostatic equilibrium and produces a slowly variable delay which is constant over large distances and which can be determined from atmospheric pressure measurements. The wet component, however, varies rapidly in time and space. The amplitude of the uctuations increases with distance until it saturates. This distance, known as the outer scale, is not well known. Kolmogorov-Taylor turbulence theory designates the outer scale as the scale on which turbulence is added to the atmosphere. This large-scale turbulence is transferred to smaller scales until it dissipates on a scale known as the inner scale.
Under certain conditions, the measurement of the atmospheric brightness temperature can be used to determine the wet delay. Formally, we connect these two quantities with the Kramers-Kronig equation, which relates the real and imaginary components of the index of refraction. For an optically thin and isothermal cell, both the brightness temperature and the delay due to water vapor are proportional to the column density of water vapor. Hence, when the water vapor is con ned to a thin layer at constant temperature within the atmosphere, the total brightness temperature of the atmosphere is proportional to the delay.
An interferometer measures the di erential path length to the distant source between each pair of antennas. This is the interferometer phase. Under the conditions given above, this phase is proportional to the di erence in brightness temperature or total power detected at each antenna. For short antenna spacings used in connected element interferometers, the uctuations in the phase due to water vapor are highly correlated. Correction for these uctuations requires a highly accurate measurements of the brightness temperature. Less accurate measurements are su cient to reduce the much larger phase variations present in VLBI, although a similar accuracy is desirable in the long run.
Tests of the relationship between total power and atmospheric phase on connected interferometer baselines at millimeter wavelengths have been performed at the Hat Creek Radio Observatory by Zivanovic et al. 1995] and Wright 1996] . Zivanovic et al. present examples of correlation between the total power difference and the phase on a 12-m baseline. Wright reports that in the best instance, on a 43-m baseline, the phases and total power received tracked closely with a correlation coe cient of 0.86. Correcting the observed phase with the total power data reduced the root-mean-square (rms) phase from 74 to 34 . In other unpublished tests with the Hat Creek array, the technique in its present stage of development has ranged from highly successful to completely ine ective. Elgered et al. 1991 ] studied the use of water vapor radiometry to correct for wet delay in geodetic VLBI experiments. The radiometry data were obtained with a separate antenna operating at 30 GHz. The data were applied to determine the total phase delay in S and X band observations. They found that the radiometry reduced scatter in baseline estimates. The technique was not signi cantly more e ective than estimating the delay by a Kalman lter, which determines the wet delay from both the dry delay and the VLBI data. Similarly, water vapor radiometry reduced delay residuals on a 21-km baseline for S and X band observations Lin eld et al., 1996] . In the best cases, the rms residual delay due to water vapor was reduced to the limit imposed by the precision of the radiometers.
We present here the results of our attempts to correct for short-term atmospheric delay uctuations in millimeter-wavelength VLBI data. Elimination of these short term uctuations is important for extending coherent integration times, which are typically less than 10 s. We employ an in-beam measurement to determine the water vapor brightness temperature at our observing frequency. This has the advantage of sampling the same atmosphere that the signal sees, but it has the disadvantage of not operating at a frequency optimized to measure the water vapor content.
Observations
The data were obtained during two experiments conducted under the auspices of the Coordinated Millimeter VLBI Array. We consider here the data collected with the 12-m telescope of the National Ra-dio Astronomy Observatory at Kitt Peak and the Berkeley-Illinois-Maryland Association array at Hat Creek Radio Observatory Welch et al. 1996] . This is the only baseline for which reliable total power data were collected. Its length is 1308 km.
The rst data set includes all observations of the bright quasars 3C 273B and 3C 279 on December 6, 1995. The observations fell in a window of dry weather between periods of rain and wet clouds at Hat Creek. The weather at Kitt Peak was dry and mostly cloudless. We alternated observations of 390 s (scans) between 3C 273B and 3C 279 every 20 min. The data were taken at a frequency of 86.24 GHz with a bandwidth of 48 MHz and were recorded with Mark IIIA and VLBA systems Rogers, 1995] . The data were cross-correlated at the Haystack Observatory correlator and accumulated over 1 s intervals. Fringes were found on each of the scans by searching in delay and delay rate space to compensate for the use of independent atomic standards, baseline uncertainties, and the e ects of the tropospheric propagation.
The Hat Creek array was operated in a compact con guration; the baselines ranged from 9 to 70 m. The signals from seven of the nine 6-m antennas were summed together in phase. Comparison of the phases measured in the local correlator during the VLBI observations indicate that scan average phasing e ciencies at high source elevations were typically 90% during this epoch. For a scan with a phasing e ciency of 92%, the rms phase ranged from 6 to 22 on baselines from 8 to 60 m.
The second data set includes all observations of 3C 273B during the period April 26-28, 1996. Hat Creek weather was dry and very stable, as measured on the local interferometer. The Kitt Peak weather was dry. Observing and correlating details were similar to those in the December experiment. The Hat Creek array was operated in a more extended con guration; the baselines ranged from 25 to 227 m. The signals from seven of the antennas were summed together with a typical phasing e ciency of 90%.
Total power was recorded at both sites. The Hat Creek total power data were integrated at each antenna over 1.92 s to match the cycle period of the cryogenic refrigerators on the receivers. The temperature scales were calibrated by the insertion of absorbers at ambient temperature in the beams. Continuous observation of a hot load has shown the total power to be stable to a few parts in 10 4 over 10 min. For the typical double-sideband temperature of 130 K, this stability is equivalent to 30 mK. The stability of the detector during our experiments may have been lower. We discovered afterward that a vertex cover apping in the wind modulated the receiver temperature. We address this in more detail in section 5.
The data from the antennas with the most stable total power detection systems were averaged together for use in the phase correction algorithm. We show in Figure 1 the total power data for the separate antennas in one scan. Antennas 1 and 3 were not included in the average owing to poor gain stability. We show the total power for antenna 9, which was pointed in a separate direction at the time, for contrast. The total powers measured at the antennas used in the average were well correlated.
At Kitt Peak, total power was integrated every 3 s. The data were calibrated by the insertion of an absorber at ambient temperature in the beam. The rms of the total power on a 3-s timescale was of order 100 mK on the sky. Because we did not measure the total power owing to an absorber over a long period of time, we are unable to estimate the long-term stability of the Kitt Peak system. Typical single sideband temperatures were 120 K.
Scale Factor
The scale factor g = = T b which connects the radio phase delay to the atmospheric brightness temperature was estimated from an atmospheric model, as described below. See Sutton and Hueckstaedt 1996] for a more detailed exposition.
As the radio signal propagates through an atmospheric layer of thickness h, it su ers a phase delay (in degrees) due to water vapor given by = 360 1:763 10 ?9 (h) T (h) h;
( 1) see Thompson et al. 1991, equation (13.16) ], where h is the altitude, (h) is the water vapor density in grams per cubic centimeter, T is the absolute temperature in kelvins, and and h are expressed in centimeters. The radio emission from the same atmospheric layer due to water vapor is given by (2) where is the water vapor absorption coe cient in units of cm ?1 . Expressions for are given in a review article by Waters 1976, equations (2.3.21 ) and (2.3.22)]; these include the contributions from the 10 lowest frequency transitions of H 2 16 O and an additional empirical correction term, proportional to 2 , which has been found necessary to explain the anomalously high absorption in the windows between water lines. In these windows the absorption is due to the collision-broadened line wings; hence it is approximately proportional to pressure. Additionally, the model of Liebe 1989 ] predicts an atmospheric brightness temperature 20% lower than that of Waters 1976 ] at 90 GHz. This model contains all H 2 16 O spectral lines below 1000 GHz and a term to account for higher-frequency lines and dimers but does not include the empirical correction term. Westwater et al. 1990 ] found better agreement with the Liebe model than the Waters model in a comparison of 90-GHz radiometry and radiosonde data at two sites. The divergence between these models is likely to continue at higher frequencies.
Uncertainties in the models for the line wing emission have a signi cant impact on estimates of g. Sutton and Hueckstaedt 1996, gure 8] show that the inclusion of the empirical correction term reduces g by a factor of 3. Sutton and Hueckstaedt point out that no simple power law model for the excess is consistent with all measurements of the water vapor absorption coe cient. This theoretical discrepancy may play a role in the uncertainty in our measurement of g that we describe below. We are further limited by changes in atmospheric conditions, which we now describe.
In order to compute the scale factor as a function of altitude, we assumed that the atmospheric temperature and pressure distributions follow those given in the 1962 U.S. Standard Atmosphere McClatchey et al., 1972] . We calculate the scale factor at the two frequencies where the technique is most likely to be used, 86 and 230 GHz. The results are shown in Figure 2 . Note that receiver gain stability is less of an issue at higher frequencies since the phase shift increases linearly with frequency but the brightness temperature increases quadratically. The scale factor g at 230 GHz is approximately 1/3 that at 86 GHz. Note, however, that the opacity increases with frequency and that brightness temperature uctuations will saturate for large column densities of water vapor.
The scale factor which should be applied to the data depends on the altitude(s) of the turbulent layer(s) primarily responsible for the phase uctuations. Since the water vapor density decreases exponentially with altitude, with a scale height of approximately 2 km, the scale factor is likely to lie in the range ?250 to ?350 K ?1 at 86 GHz; more negative values are expected for higher-altitude sites. Wright Zivanovic et al. 1995] 
1996] and
We examined radiosonde data from sites near Hat Creek for the period between January 27, 1996 and March 3, 1996. These data indicate that the distribution of water vapor often shows signi cant deviation from an exponential and that the tted scale height varied between 1250 and 3000 m.
Analysis of the VLBI Data
The VLBI fringe-nding technique applies delays and delay rates that are determined empirically for each scan. Therefore the residual phases have constant and linear components already removed. We note that these rates are found by identifying the dominant Fourier component of the phase but are not necessarily the \true" rate. Rapid phase jumps between longer periods of near-stationary phase, for example, will often be missed. To account for this, we unwrapped the phases in each scan and then removed a linear slope, which is an incremental delay rate, from the data. Unwrapping of the phase was possible owing to the high snr and short sample time. We removed a constant and a linear slope from the total power data for each scan to allow comparison to the VLBI data, and interpolated the total powers onto the more nely sampled phase data. Comparison between the full total power record and the total VLBI phase with only theoretical geometric and dry atmosphere models removed would provide a stronger test; however, the independent clocks and baseline information are not accurate enough to allow this comparison.
For the December data, we predicted phases from the total power data using scale factors of g H = ?280 K ?1 for Hat Creek and g K = ?280 K ?1 for Kitt Peak. We also determined scale factors by a linear least squares t to all of the scans una ected by liquid water and found g H = ?153 K ?1 and g K = ?282 K ?1 . Using the averaged total power from the stable receivers at Hat Creek was more effective than using the total power from any single receiver.
The December values for g K did not provide good ts to the April data. Instead, we found that g K = ?800 K ?1 reduced the rms signi cantly. The ts were only weakly sensitive to di erent values of g H in the range 0 to ?1000 K ?1 owing to the small amplitude of uctuations in the Hat Creek total power. We believe that the independence of the t on g H is indicative of the very stable and dry atmosphere at Hat Creek during the April experiment. We discuss below possible explanations for the uncertainty in g H and g K . Figure 3 shows the phase from two representative scans, along with the phases predicted from the total powers at the two antennas and the residual phase following correction. In Figure 3a , the phase variations appear to be dominated by the atmosphere at Kitt Peak. The Kitt Peak total power data track the phase quite well, while the Hat Creek total power data vary only slightly. Nevertheless, the combined model tracks the measured phase more accurately than either of the models for the individual antennas. Figure 3b shows both antennas contributing equally to the phase. The model tracks the phase well for the rst two thirds of the scan, but appears to lose track in the nal third. The residuals for both scans show that the model straightens the phase over the length of the scan and removes some short-term uctuations. We note, however, that some uctuations on both long and short timescales are not corrected at all and that some uctuations are only partially corrected.
We show in Figures 4 and 5 the original and residual rms phases for scans in the December and April experiments, respectively, una ected by liquid water. For clarity, we also exclude from the gures two scans from the December data with original rms phases of 220 and 300 for which the technique is marginally successful and one scan from the April data with an original rms phase of 285 for which the technique degrades the residual rms phase. These scans are included in all analyses that follows. The combined total power corrections from both antennas reduce the rms phase in 12 of 21 and 7 of 16 scans for the two experiments, respectively. For these scans, the rms phase was reduced by 28%, on average. In one case, the rms phase was reduced by more than a factor of 2, from 155 to 72 . Both antennas contributed to the reduction of the rms phase in amounts that varied from scan to scan.
Figures 4 and 5 show that the technique is not effective at reducing the rms phase below 1 rad. Where the original rms phase is below 1 rad, the technique adds noise. The technique was less e ective in April owing to the reduced noise during that experiment.
In seven scans from the December experiment, attempts at correlation failed dramatically. Large total power variations occurred on short timescales without corresponding phase variations. Six of these scans show the large variations in the Hat Creek data, are consecutive, and are at low elevations at Hat Creek where it had recently rained. We conclude that these scans are in uenced by the presence of liquid water in the signal path. Small droplets of liquid water radiate e ciently but do not substantially a ect the phase. At Kitt Peak, where the weather had been drier, only two scans, one apiece at low and high elevations, show this e ect. Although it is not certain that the large total power variations in the Kitt Peak data are due to liquid water, for convenience we will refer to them as such. Scans showing the e ect can be easily identi ed owing to the larger than average variation in total power. The sample-to-sample scatter of the total power for these outlying Kitt Peak and Hat Creek scans is greater than 0.5 K.
Only the lowest elevation scan during the drier April experiment showed this e ect in the Hat Creek data. In general, we note that low-elevation scans will su er relative to those at high elevation owing to the increased atmospheric path length. We have included these scans in this presentation because we do not have an independent method for excluding them and to demonstrate the limitations of the technique. We drop from further consideration the seven December scans and the one April scan which we consider to be a ected by liquid water in the beam. Discounting scans with liquid water and those with an original rms phase below 1 rad, the technique reduces the rms phase in 12 of 14 and 7 of 12 scans in December and April, respectively. measures the mean square variability of the phase on a timescale . The plot clearly shows the success of applying the corrections and indicates the timescales for their e ectiveness. In general, the total power correction decreases D for greater than 10 to 30 s and 2 to 10 s for the Kitt Peak and Hat Creek data, respectively. On short timescales the Kitt Peak correction adds 30 to 80 degrees of noise, depending on the value for g K . The Hat Creek correction adds 10 to 30 . The combined corrections only become significant on timescales greater than 10 s. In a few cases, neither correction is e ective on any timescale.
The structure functions are well t by a power law. For the uncorrected phases, the average power law index is 0:76 0:18 in December and 0:52 0:19 in April. The errors refer to the 1 scatter in the measurements. This index is a lower limit for the actual atmospheric phase variations since we have removed a linear component of the phase. For the residual phase, we calculate the average power law index to be 0:62 0:21 and 0:49 0:21. All values are consistent with two-dimensional (2-D) Kolmogorov-Taylor turbulence, for which the expected power law index is 2/3. The power law index decreased after correction by the total power data in 12 of the 14 December scans and 11 of the 15 April scans una ected by water vapor. In two instances in the December data, where the structure function is more consistent with a random walk in phase (power law index equal to 1), the correction is not e ective. The corrected structure function attens on timescales greater than 1 min in several of the scans, including the one shown in Figure 6 . This is possibly indicative of a reduction in the outer scale of the turbulence and holds promise for the utility of the technique in long-term observations. However, this may be a sampling e ect; observations on a longer timescale are necessary for con rmation.
The Allan deviation
(4) is shown for a representative scan in Figure 7 . The average slope of y for all scans is -0.73, consistent with 2-D Kolmogorov turbulence. Applying the total power correction does not signi cantly a ect the Allan deviation on short timescales, nor does it appreciably change the average slope. The Allan deviation agrees with that found by by Rogers and Moran 1981] and Rogers et al. 1984] at long timescales but di ers signi cantly at short timescales. These works show y attening for < 10 s, in contrast with the continued increase apparent in our data. In a few of our scans, we see a hint of a plateau in the Allan deviation near = 30 s. One may reconcile the earlier work with this result if there is another source of phase noise which dominates for < 10 s, with a slope between -2/3 and -1. However, we do not nd any evidence in the total power data for a break in the Allan deviation at short intervals, suggesting that the dominant source of noise is the same at short and long time intervals.
The total power corrections do not remove all variability in the phase. The residual variability may result from unmeasured tropospheric uctuations, instabilities in the oscillator chains at the antennas, or gain uctuations in the total power detection systems. Our e orts to determine an elevation angle dependence on the residual rms phase, which would indicate an atmospheric origin, were inconclusive. However, the phase Allan deviation for baselines from Hat Creek and Kitt Peak to Owens Valley during the April experiment showed a structure similar to that of the Hat Creek-Kitt Peak baseline, which argues against an instrumental origin and for a common atmospheric e ect.
The preobservation coherence tests at both sites and the clear phase stability of local fringes at Hat Creek also make an oscillator chain source unlikely. On short timescales, masers do exhibit white phase noise, although typically an order of magnitude weaker than measured here Rogers and Moran, 1981] . White phase noise will appear in the Allan deviation with a slope of -1.
The variability may arise from turbulent water vapor uctuations in widely separated tropospheric strata. Lewellen 1980] , for example, gives evidence for the existence of turbulent layers at the ground and near the inversion layer, which vary in height but is of the order of 1 km. The scale factor g between power and phase uctuations is sensitive to the temperature and pressure at which the uctuations occur.
The change in the value of g K between December and April suggests that seasonal variability in the atmospheric water vapor may exist. Examining Figure 2 indicates that the April emission originated at an atmospheric height greater than 8 km. Sutton and Hueckstaedt 1996, gure 8] indicate a minimum height of 4 km. In order for the water vapor at either of these heights to dominate the path length uctuations, either the amplitude of the turbulence or the thickness of the turbulent layer (or both) must increase by an order of magnitude. The discrepancy between these two predictions highlights our ignorance of the line wing emission mechanism in water vapor. Changing atmospheric conditions may in uence the emission mechanism and thereby alter the scale factor. Measurements on the line centers at 22 and 183 GHz or of the entire spectrum may ultimately prove more e ective.
Analysis of the Local Interferometer Data
Correlation between the phase on the short Hat Creek interferometer baselines and the di erenced total power data was poor during these experiments. Phase uctuations were signi cantly smaller than expected, given the variations in the total power differences. The rms of the total power di erence for a typical scan was of the order of 0.25 K, while the rms phase was less than a radian. The corresponding gain stability is one to two parts in 10 3 . Averaging of the data from separate antennas improved the gain stability for the entire array to less than one part in 10 3 .
As Figure 1 demonstrates, large-scale events were correlated over the entire array. Such uctuations must have a size of 100 m or greater. The magnitude of the VLBI structure function indicates that these structures produce the minimum phase noise of 1 rad while crossing the array in 30 s or less, corresponding to velocities greater than 3 m s ?1 . Typical wind velocities near the ground during the experiment were 1 m s ?1 .
Conclusions
We have shown that simultaneous total power monitoring is currently capable of reducing atmospherically induced phase noise to 1 rad in 3-mm wavelength VLBI data in the absence of liquid water. The correction is most e ective when applied using total power data obtained at both antennas although the application of data from a single station is still worthwhile. The residual phase noise is consistent with errors owing to gain instability at both antennas. Our results suggest that the current level of total power gain stability, one part in 10 3 , is marginally su cient to reduce phase noise.
In addition to aperture synthesis, the technique has application to projects that bene t from longterm stability, including astrometry and geodesy. The technique may also prove useful for higher-frequency VLBI, where longer integration periods are essential to obtain scienti cally valuable data. Figure 1 . The total power data for all nine antennas in the Hat Creek array during the scan beginning on December 6 at 1400 UT. Note that antenna 9 was pointed in a di erent direction during the scan. The phase on the Hat Creek -Kitt Peak baseline (crosses), models for the atmospheric contribution to phase based on Hat Creek total power data alone (short-dashed line), Kitt Peak total power data alone (long-dashed line), and combined total power data (solid line), and the residual phase after subtraction of the combined model for the scans beginning at December 6 at (a) 1320 UT and (b) 1400 UT. The phase structure function for the uncorrected phase (solid line), the phase corrected by the Hat Creek total power data alone (dotted line), the phase corrected by the Kitt Peak total power data alone (shortdashed line), and the phase corrected by the combined total power data (long-dashed line) for the scan beginning at December 6, 1995 at 1400 UT. 
